This study presents the first systematic experimental investigation of the internal flow structures of a ventilated supercavity using flow visualization and particle image velocimetry (PIV). Experiments are conducted in the high-speed water tunnel at Saint Anthony Falls Laboratory. A backward-facing cavitator mounted on a hydrofoil is used to generate the cavity. Fog particles are introduced into the cavity through the ventilation line, and then illuminated by a laser sheet to visualize the internal flow. A high-speed camera is applied to record internal flow images both for visualization and PIV purposes. The visualization images capture the shape of the supercavity and reveal the patterns of particle movements inside the cavity. The PIV images are processed to obtain the instantaneous and averaged 2D velocity fields. The measurements are performed for the supercavities of two closure modes, i.e. the re-entrant jet (RJ) and the twin-vortex (TV). The flow visualization shows some common features of internal flow across RJ and TV supercavities, including the recirculating flow region near the cavitator, the internal boundary layer extended from the interface as well as the reverse flow in the center portion of the cavity. Furthermore, time-averaged internal velocity field from PIV provides a quantification of streamwise extent of the recirculating flow region, the variation of the thickness of the internal boundary layer along the interface and the magnitude of reverse flow. The analysis of the PIV flow field indicates the TV supercavity yields a longer streamwise extent of the recirculation region, a thinner internal boundary layer and a stronger reverse flow.
Introduction
Ventilated supercavitation is a technique to create a gas bubble enclosing a moving object by artificially injecting gas into the liquid. This technique allows significant reduction of the skin friction on the object, which has attracted considerable research attentions as a promising approach to achieve high-speed underwater transport [1] . Ventilated supercavitation has been conventionally studied using the following non-dimensional parameters, including cavitation number, C = 2( ∞ − C )/( w 2 ) , Froude number, = /� C , and air entrainment coefficient, Q = / C 2 , where ∞ and C are the test-section pressure upstream of the cavitator and the cavity pressure, respectively, w is the liquid density, refers to the free-stream velocity, is the gravitational acceleration, C denotes the cavitator diameter, and is the volumetric ventilation rate under standard condition. Despite of decades of research focusing on deriving the semi-empirical relations among these dimensionless parameters, there is still a significant lack of fundamental understanding of detailed physical processes involved in ventilated supercavitation. Recently, a number of studies have suggested the flow structures inside a ventilated supercavity (referred to as internal flow hereafter) play a crucial role in determining its gas entrainment/leakage mechanism and closure modes. Specifically, the gas leakage from the cavity is a key process that dictates the ventilation demand for sustaining a supercavity. The majority of prior studies which estimate the ventilation demand qualitatively assume that the gas is entrained in the bulk flow and directly exits from the vortex tubes formed at the rear portion of the supercavity due to gravity [2-4]. However, for ventilated supercavitation at high , Spurk hypothesized that the gas is mainly carried by the internal boundary layer formed at the gas-liquid interface [5] . Recently, using numerical simulation, Kinzel et al. refined Spurk's entrainment theory by considering the difference between the amount of air entrained by the internal boundary near the closure region and the ventilation input, which causes a reverse or a forward flow in the center portion of the supercavity [6]. These internal flow phenomena can also significantly impact the flow topology in the closure region of a supercavity [7] [8] . In particular, based on the hypothesis of a non-uniform pressure field and pressure-driven internal flow, Karn et al. reconciled the variation of different modes across a broad range of ventilation and flow conditions from different flow test facilities [7] . Due to immense technical challenges, there are only very small number of studies that have examined internal flows of a supercavity, primarily relying on theoretical analysis [9] and numerical simulations [10] . Specifically, based on the analogy of the cavitation and the wake flow behind a cylinder, 10th International Symposium on Cavitation -CAV2018 Baltimore, Maryland, USA, May 14 -16, 2018 CAV18-05177 tracing mapping method presented in [16] to eliminate the distortion caused by the gas-liquid interface of the supercavity. In addition to the optical measurements, we also conduct pressure measurements using the hypodermic tube at the backside of the cavitator (for C ) and the pressure tap located upstream of the airfoil strut (for ∞ ). These measurements are performed separately from the optical measurements, under the same flow and ventilation conditions in order to obtain cavitation number for each test case. It is worth noting that during the experiments the angle of attack of the airfoil strut is set at 5 ± 0.5 o to ensure a relatively smooth bottom interface of the supercavity for the laser sheet to remain undisturbed as it penetrates the interface. The measurements are conducted for the supercavities of different closure modes, i.e. the re-entrant jet (RJ) closure and the twin-vortex (TV) closure, with the corresponding flow and ventilation conditions listed in Table 1 . For each closure mode, the PIV images are recorded in three adjacent regions (i.e. P1, P2 and P3 as shown in figure 1(b) ). At each region, in total of 4 sequences of internal flow images are recorded. Each sequence contains 2048 images and corresponds to a sampling period of 0.68 s.
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Results
Flow visualization based on fog patterns provides a qualitative view of detailed gas flows inside a ventilated supercavity. As shown in figure 2(a), for the ventilated supercavity with RJ closure, the internal flow exhibits the following three main features: (i) a recirculating flow region observed behind the cavitator; (ii) a flow region of high shear extended from the air-water interface (referred to as internal boundary layer); (iii) a reverse flow region occurring in the center of the supercavity. Specifically, in the recirculating flow region, the air is entrained from the internal boundary layer to the reverse flow region, and circulated back to the boundary layer. The recirculating flow region has a vertical extent close to C and a streamwise extent (i.e., reattachment length) in the scale of C . The internal boundary layer is formed when the ventilated air is entrained by the moving air-water interface shortly after it exits the ventilation holes on the cavitator. The boundary layer develops similar to the one over a moving foil that moves at the same velocity as the local water flow. In the recirculating flow region, the internal boundary layer is strongly disturbed by the reverse flow and the impingement of gas jets from the ventilation holes. These disturbances also cause the boundary layer to transition directly to turbulent boundary layer. Downstream of the recirculating region, the development of internal boundary layer with appreciable air entrainment towards the interface can be observed. The boundary layer gradually grows thicker till a location slightly downstream of the location of maximum supercavity diameter, and then starts to thin as the supercavity reduces its diameter. The presence of this internal boundary layer and its important role on air entrainment is consistent with the theory from Spurk [5] , and the general trend on the change of boundary layer thickness according to the supercavity geometry observed here was described by Kinzel et al [6] . However, the prior studies did not specifically comment on the impact of the recirculation region on the general characteristics and the development of the boundary layer. The reverse flow region is observed throughout the entire streamwise span of the flow visualization (i.e., till ~80% downstream of the cavitator) in the center portion of supercavity. Downstream of the recirculating region, the reverse flow covers majority of the supercavity and travels with almost uniform streamwise velocity, which is much slower than that of the moving air-water interface. Besides, highly coherent spanwise vortical structures are convected upstream with no visible deformation in the reverse flow region, indicating the flow in this region is more laminar compared to that of the internal boundary layer. When the reverse flow approaches the location approximately 0. In addition, some subtle flow features can be observed from our flow visualization. For example, in the recirculating region, groups of tiny vortices with both clockwise and counter-clockwise rotation appear behind the cavitator and right above the air-water interface, as shown from the close-up view in figure 2(a). These vortical structures are produced by ventilation jets and are strongly dependent on the configuration of the ventilation schemes. Moreover, at the outer extent of the internal boundary layer, a series of hairpin-like vortical structures emerge and are entrained into the reverse flow region. Note that the rotational direction of these coherent structures is opposite to that of the hairpin 10th International Symposium on Cavitation -CAV2018 Baltimore, Maryland, USA, May 14 -16, 2018
CAV18-05177 figure 3(a), for the RJ closure supercavity, the mean streamwise velocity field is obtained by interpolating the mean velocity fields at P1, P2 and P3. The streamwise location (l) and vertical location (h) of mean velocity field are normalized using the cavity length ( ) and the cavitator diameter ( C ), respectively (i.e., � = ⁄ , � = ℎ C ⁄ ). Due to the optical noise generated from laser scattering at the interface and the disturbance from the upper cavity surface, a large portion of the sampling areas for flow visualization cannot be used to obtain reliable information of the velocity field, which are blanked out in figure 3 . Nevertheless, the remaining portion of the imaging area can still provide some quantitative assessment of the main flow features discussed above. Specifically, the mean flow field shows the presence of recirculation region behind the cavitator, marked by the region of high velocity gradient in figure 3(a) , and also evidenced by the region of strong vorticity (i.e., ωz) in figure 3(b) . Moreover, based on the distribution of ωz, the streamwise extent of the recirculation region is determined to be 1 c for the supercavity with RJ closure. In comparison, as shown in figure 3(c) and 3(d) , the TV supercavity presents an enlarged recirculating flow region with an elongated streamwise extent of 1.5 c . This phenomenon is analogous to the elongation of reattachment length of flow behind a backward-facing step associated with increasing turbulent level of the incoming flow [17] .
Based on the mean velocity field ( figure 3(a) ), the variation of the thickness of the internal boundary layer after the recirculation zone can be quantified. At each streamwise location, the thickness is defined as the distance between the air-water interface and the position where the internal flow has zero streamwise velocity. As shown in figure 3(a) , the interface (marked with solid curve) is extracted using a fourth-order polynomial fit, and the points of zero streamwise velocity (marked with circles) are located by spatial interpolating the mean velocity fields. The variation of the boundary layer thickness along the interface (represented by the streamwise location) is further examined quantitatively in figure 4 . Starting from 0.11 where the measured thickness ( exp,RJ ) has a minima of 0.8 mm, it gradually increases, and reaches the maxima of 1.8 mm at about 0.3 . Then the thickness starts to decrease slowly and drops to 1.6 mm at 0.41 , possibly due to the increase of adverse pressure gradient in the streamwise direction as the closure is approached. Note that the measured thickness shows some jitters along the interface which may be caused by the uncertainties involved in determining the interface and the convergence of the mean flow field. Therefore, to yield clearer trend, the boundary layer is approximated by utilizing the semi-empirical expression from turbulent boundary layer over a flat plate [18] with the effect of adverse pressure gradient as well as the speed and curvature of the moving interface incorporated, which yields the following form:
cr < where is the kinematic viscosity of the air (1.5×10 -5 m 2 /s), cr the critical location where the thickness starts to drop (0.32 ), Reynolds numbers used in the expression are defined using streamwise length scale and the streamwise velocity of the moving air-water interface (equivalent to water tunnel velocity ), and 1 (1.5) and 2 (0.0694) are empirical constants determined by least fitting of the measurement thickness. The semi-empirical curve is also obtained for TV supercavity with slightly different 1 (1.2) and 2 (0.0687). Comparing the fitting curves for RJ and TV supercavities, the boundary layer of TV is thinner than that of RJ for majority portion of the boundary layer. Like other main flow features, the reverse flow can also be quantitatively evaluated using the mean flow field in figure  3 . Particularly, for the RJ closure supercavity, the mean velocity of the reverse flow can be estimated by spatially figure 3(a) . The magnitude of the resulting mean velocity is 1.03 m/s, approximately one third of the free stream velocity. As observed from figure 3(b), unlike the recirculating flow and the internal boundary layer, the reverse flow does not possess significant vorticity. Traveling from 0.25 to 0.1 , the reverse flow accelerates slightly due to the converging supercavity. From 0.1 to 0.05 , marked as the deceleration region in figure 3(a) , the flow gradually decelerates with approximately constant velocity gradient, primarily due to the blockage of the cavitator. In comparison, the reverse flow of the TV supercavity shows the similar trend of velocity variation in the streamwise direction but yields a significantly higher reverse flow of 1.42 m/s. Such discrepancy can be attributed to the thinner boundary layer for TV closure supercavity, which indicates more amount of air is entrained by the reverse flow, resulting in an increase of reverse flow speed.
Conclusion
This work presents the systematic experimental investigation of the internal flow structures of a ventilated supercavity using flow visualization and PIV. The flow visualization shows some common features of internal flow across RJ and TV supercavities, including the recirculating flow region near the cavitator, the internal boundary layer extended from the interface and the reverse flow in the center portion of the cavity. Moreover, time-averaged internal velocity field from PIV provides a quantitatively study of streamwise extent of the recirculating flow region, the variation of the thickness of internal boundary layer along the interface and the magnitude of reverse flow. The analysis of the PIV flow field indicates the TV supercavity yields an elongated streamwise extent of recirculation region, a thinner internal boundary layer and an enhanced reverse flow. Further investigation will be primarily on the influence of internal flow on the supercavity leakage and closure types.
